Gene expression evolution can be caused by changes in cis-or trans-regulatory elements or both. As cis and trans regulation operate through different molecular mechanisms, cis and trans mutations may show different inheritance patterns and may be subjected to different selective constraints. To investigate these issues, we obtained and analyzed gene expression data from two Saccharomyces cerevisiae strains and their hybrid, using high-throughput sequencing. Our data indicate that compared with other types of genes, those with antagonistic cis-trans interactions are more likely to exhibit over-or underdominant inheritance of expression level. Moreover, in accordance with previous studies, genes with trans variants tend to have a dominant inheritance pattern, whereas cis variants are enriched for additive inheritance. In addition, cis regulatory differences contribute more to expression differences between species than within species, whereas trans regulatory differences show a stronger association between divergence and polymorphism. Our data indicate that in the trans component of gene expression differences genes subjected to weaker selective constraints tend to have an excess of polymorphism over divergence compared with those subjected to stronger selective constraints. In contrast, in the cis component, this difference between genes under stronger and weaker selective constraint is mostly absent. To explain these observations, we propose that purifying selection more strongly shapes trans changes than cis changes and that positive selection may have significantly contributed to cis regulatory divergence.
Introduction
Phenotypic variation within or between species can be caused by differences either in protein sequences or in the abundance level or timing of gene expression. Divergence in gene expression has been proposed to be a major factor in the evolution of phenotypic differences between closely related species (Ohno 1972; King and Wilson 1975) . Identifying the genetic changes underlying such expression differences is of great importance for understanding the evolution of gene regulation and its role in phenotypic evolution and speciation.
The genetic causes of gene expression changes can be classified into two categories: changes in cis-acting elements (e.g., promoters and enhancers), which are on the same chromosome of the gene they affect, and changes in trans-acting factors (e.g., transcription factors and chromatin modifiers), which are diffusible and can influence the expression of genes on other chromosomes. The way in which gene expression is changed can affect its inheritance pattern and evolution (Ronald and Akey 2007) . Thus, it is important to distinguish between these two types of change to understand the causes of intraspecific variation and interspecific divergence in gene expression.
Two complementary methods exist for uncovering the regulatory basis of gene expression differences: expression quantitative trait loci (eQTL) mapping and hybrid experiments. Although eQTL mapping can be used to locate the elements responsible for expression variation and to differentiate between local and distant regulators, it cannot reliably distinguish between cis-and trans-acting elements, as a trans regulator also can be located on the same chromosome in close proximity to the target gene, and a cis regulatory element (e.g., an enhancer) can be distantly located from it (Rockman and Kruglyak 2006; . The first ß The Author 2013. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com eQTL study on a genomic scale was conducted in Saccharomyces cerevisiae (Brem et al. 2002) , and the method was also successfully applied to investigate the roles of distant-acting variation (Yvert et al. 2003) and of epistatic interactions in determining different gene expression phenotypes. In contrast, hybrid experiments can be used to distinguish between cis-and trans-regulatory changes contributing to differences in gene expression. An additional advantage of the hybrid approach used in this study is that only the two parental strains and their F1 hybrid have to be assayed. Hybrid experiments require the measurement of mRNA levels in homo-or hemizygous parental strains and of allele-specific expression (ASE) in their cross. As the same set of diffusible elements acts on both parental alleles in the hybrid, trans variation produces no differential effect on the two alleles, so that ASE differences in the F1 hybrid can be interpreted as a direct representation of cis-regulatory variation (Cowles et al. 2002; Wittkopp et al. 2004) . Several studies have used this approach to investigate the relative importance of cis and trans variation for the expression response in yeast to different environmental conditions (Tirosh et al. 2009; Li et al. 2012) or in the evolution of specific pathways (Chang et al. 2008) . Furthermore, it has been successfully applied to investigate the role of cis and trans effects in nucleosome positioning (Tirosh et al. 2010) , in protein expression (Khan et al. 2012) , and in the regulation of DNA replication timing in yeast (Muller and Nieduszynski 2012) .
Past research has unraveled the genetic causes of gene expression differences between various Saccharomyces strains and species and their relevance for phenotypic evolution. In a recent study, several transcription factors were identified whose expression profiles differ between wine strains, resulting in the production of volatile aroma compounds in a predictable manner (Rossouw et al. 2012) . Another study identified a subset of genes for which the expression divergence between two yeast strains correlates well with changes in predicted transcription factor binding sites (TFBSs) (Chen et al. 2010) . The Barkai lab compared the expression of genes induced during mating among three different Saccharomyces species and found that divergence in TFBSs of the transcription factor STE12 could explain about half of the expression differences, although they found no general correlation between promoter sequence divergence and gene expression evolution in yeasts and mammals . The same group found a positive correlation between divergence in promoter sequence and the cis-component of gene expression differences in a comparison of two Saccharomyces species and their hybrid (Tirosh et al. 2009 ).
Several properties of the promoter region play an important role in the evolution of gene regulation, especially in trans: Genes with a significant trans effect in a comparison between S. cerevisiae and S. paradoxus lack a pronounced nucleosome-free region, tend to contain a TATA box in their promoter region, and consistently display larger expression differences between different yeast strains or species (Tirosh et al. 2009 ). In addition, the sensitivity of expression levels to genetic perturbations in mutation accumulation lines is enhanced for TATA box-containing genes (Landry et al. 2007) . The relationship between nucleosome occupancy of the promoter region and gene expression evolution is complex. Yeast genes can be roughly classified into two groups: those with a promoter containing a well-defined nucleosome-free region close to the transcription start site, referred to as DPN (depleted proximal-nucleosome) genes and those with a promoter lacking such a region, referred to as OPN (occupied proximal-nucleosome) genes . The latter group exhibits more expression plasticity between different environmental conditions and more cell-to-cell variability . Although some studies found that changes in nucleosome occupancy are related to divergence in gene expression (Field et al. 2009; Tsankov et al. 2010 ), a comparison of S. cerevisiae and its closest relative, S. paradoxus, found no relationship between divergence of gene expression and divergence of nucleosome positioning (Tirosh et al. 2010) . In contrast, a recent experimental evolution study selecting yeast strains for overexpression of a target gene found different evolutionary mechanisms for the two classes: DPN genes have a stronger tendency to be duplicated (which could be considered as a cis acting mutation) than OPN genes, which have predominantly undergone trans regulatory changes (Rosin et al. 2012) .
Several studies have shown a relationship between the mode of inheritance of gene expression levels and the molecular mechanisms of gene regulatory differences. Alleles conferring cis regulatory variation tend to have an additive influence on gene expression level, with the expression level in the hybrid being intermediate between those of the two parents (Lemos et al. 2008; McManus et al. 2010) . This is hypothesized to contribute to positive selection on cis-regulatory elements over long evolutionary time (Lemos et al. 2008) , because the expression levels of single genes can be "fine-tuned," so that a gradual adaptation to changing selective pressures can take place. On the other hand, genes with antagonistic cis-trans interactions have been found to be enriched for over-or underdominant inheritance of gene expression level (with the mRNA level in the hybrid being either higher or lower than those in both parents) and could play a role in the development of hybrid incompatibilities (Landry et al. 2005; McManus et al. 2010) . It has been proposed that even when the expression level of a gene is under stabilizing selection, its regulatory elements may undergo divergent evolution between species if mutations in cis (trans) are balanced by compensatory mutations in trans (cis) (Landry et al. 2005) .
Different inheritance patterns of changes in cis and trans and the potentially pleiotropic nature of trans mutations are likely to result in different evolutionary constraints. Changes in trans regulators can impact the expression of multiple downstream genes and can thus be expected to affect multiple phenotypic traits more often than cis regulatory changes.
Indeed, a study of mutation accumulation and natural isolate lines in Caenorhabditis elegans found that most trans-acting mutations that resulted in expression changes of multiple genes were quickly removed by selection in natural populations (Denver et al. 2005) . Furthermore, differences in cis regulatory elements appear to play a larger role in expression differences between species than within species (Wittkopp et al. 2008a; . Additionally, genes which show a significant gene expression difference in trans between two different S. cerevisiae strains also tend to exhibit more gene expression divergence in trans between S. cerevisiae and S. paradoxus, while in cis this trend is weak or absent .
These findings could be explained by stronger positive selection on cis divergence and stronger selective constraint on trans-acting factors. As selective constraint is expected to affect essential genes more strongly than nonessential genes, its impact on gene regulatory evolution in cis and trans can be evaluated by comparing the cis and trans components of within-species and between-species gene expression differences for genes of higher and lower importance.
In this study, we investigate the relationship between gene expression inheritance patterns and regulatory differences in cis and trans between two strains of Saccharomyces cerevisiae, RM11-1 (RM) and BY4741 (BY). Our results indicate that genes with antagonistic cis-trans interactions are more likely to show an under-or overdominant inheritance pattern in our within-species hybrids, whereas essential genes are less likely to exhibit an underdominant inheritance pattern.
In addition, we integrate the data from an interspecies comparison (Tirosh et al. 2009 ) with our data and evaluate the role of selective constraint on changes in cis and trans factors. We show that trans regulatory mutations indeed tend to be under stronger selective constraint than cis regulatory mutations and that this observation may explain the relative contributions of cis and trans changes to intra-and interspecific gene expression differences.
Results

Transcriptome Sequencing and Expression Level Estimation
We selected 4,442 genes for our study (Methods; ) and estimated their expression levels using Illumina paired-end (PE) sequencing with a read length of 151 base pairs (bp). In the hybrid sample, 4,558,258 reads were mapped specifically to the BY genome and 4,564,464 reads to the RM genome. In the coculture sample, 3,745,275 reads were mapped as BY specific and 3,776,660 reads as RM specific. This new data set enabled us to analyze ASE differences with greater power than the expression data obtained in a previous study . In this study, 4,237 out of the 4,442 genes under study have more than 10 sequence reads for both alleles in both experiments (coculture and hybrid) and were used for further analyses. Among the 4,237 genes under study, 2,268 genes (53.5%) show a significant expression polymorphism in coculture and 1,207 (28.5%) show a significant ASE difference in the hybrid (binomial exact test, false discovery rate [FDR] <5%, see Materials and Methods). These are two times higher than the corresponding numbers in , in which the numbers of genes with significant ASE differences are 1,294 (35.1%) and 488 (13.2%) out of the 3,685 genes under study, for coculture and hybrid, respectively, using the same criteria for statistical significance. Thus, the new data set allows us to do more rigorous statistical analyses.
Classifying Gene Expression Differences in Terms of Cis and Trans Effects
As discussed earlier, a cis-regulatory factor influences the expression level of only the allele on the same chromosome, whereas a trans-regulatory factor can affect the expression of both alleles in a cell. Therefore, it is possible to estimate the relative contributions of cis-and trans-regulatory changes to differences in gene expression between the RM and the BY strain by comparing the ASE in the hybrid to expression differences between the two parental strains (Wittkopp et al. 2004 ). We assume that there is no allele-specific preferential binding of the maternal or paternal transcription factor (Takahasi et al. 2011) and that the expression of an allele is independent of the other, that is, there is no transvection. Therefore, the expression differences between the two parental alleles in the hybrid are interpreted as a direct representation of cis-regulatory differences (Cowles et al. 2002) (see examples in supplementary figs. S1 and S2, Supplementary Material online), because in the same cell the trans-regulatory milieu is identical for the two alleles. The expression difference between the two parental strains in coculture is thus interpreted as a combination of cis-and trans-effect (see examples in supplementary figs. S1 and S2, Supplementary Material online). In agreement with previous studies (Wittkopp et al. 2008b; , we found that trans effects dominate in our within-species comparison: 1,577 (37.3%) of the 4,237 genes under study show a significant trans effect, whereas only 1,267 (30%) show a significant cis effect (significance was determined using the likelihood ratio test, FDR < 5%, see Materials and Methods). The median absolute trans effect (0.301) is significantly higher than the median cis component (0.166) (Wilcoxon rank sum test, P value < 2.2 Â 10
À16
). Although genes with significant expression differences in coculture or in the hybrid showed a higher single nucleotide polymorphism (SNP) density than nondifferentially expressed genes (Wilcoxon rank sum test: P value < 2.2 Â 10 À16 ), we found no difference between cis or trans regulatory changes related to gene SNP density (supplementary table S1, Supplementary Material online). Differentially expressed genes also showed a significantly higher sequence divergence in the promoter region (defined as 500 bp upstream of the transcription start site) (supplementary table S2, Supplementary Material online). This trend is significant for both the cis and the trans effect but stronger for the cis component of expression differences, as can be expected (Wilcoxon rank sum test: cis: P value = 7.79 Â 10
À12
, trans: P value = 1.497 Â 10
À5
). Similarly, genes whose promoter region contains a TATA box (Basehoar et al. 2004 ) are more likely to be differentially expressed than those without a TATA box (supplementary table S3, Supplementary Material online). Genes without a well-defined nucleosome-free region close to the 2123 Selective Constraints on Gene Regulatory Changes . doi:10.1093/molbev/mst114 MBE transcription start site (i.e., OPN genes) are more likely to be differentially expressed than those with such a region (i.e., DPN genes) (the gene sets were defined in . This relationship is observed in trans and in cis (supplementary table S4, Supplementary Material online) but is stronger for the trans effect (Fisher's exact test: trans: P value = 3.993 Â 10
, cis: P value = 0.0027). We tested whether genes with significant and consistent cis or trans effects (in the old and the new data set) were enriched in specific biological processes or cellular components in the Gene Ontology (GO) annotation, using the FunSpec analysis tool (Robinson et al. 2002) . Genes with a significant trans component were enriched in mitochondrial electron transport (GO term "mitochondrial electron transport, ubiquinol to cytochrome c" [GO identifier: 0006122], P value: 1.09 Â 10
À7
, and overlapping terms) and in the biosynthesis of ergosterol (GO term "ergosterol biosynthetic process" [GO identifier: 0006696], P value: 1.8 Â 10
, and overlapping terms), a major component of the fungal cell membrane. Genes with a significant cis effect were enriched in oxidation/reduction among biological processes (GO term "oxidation-reduction process," GO identifier: 0055114, P value: 9.45 Â 10
, and overlapping terms) and in the cell wall among cellular components (GO term: "cell wall," GO identifier: 0005618, P value: 2.19 Â 10
À9
, and related terms). This is consistent with the previous finding of an enrichment for cell wall related genes among those with local regulatory differences between the RM and BY strains (Chen et al. 2010) . To estimate the importance of transcription factors in trans regulatory evolution versus changes in sensory and signaling molecules or chromatin modifiers, we compared gene pairs which either share a common regulator (Teixeira et al. 2006 ) but belong to different expression modules (Ihmels et al. 2002) , or which belong to the same module(s), but are not known to be regulated by an identical transcription factor. We did not find any significant difference between these two sets of genes regarding the probability of both genes in a pair having expression differences in trans in the same direction, that is, favoring the allele from the same strain (either BY or RM) for both genes (supplementary table S5, Supplementary Material online).
The genes under study were classified into five categories, as in McManus et al. (2010) , but with some different category names as follows: 1) Nondifferential: no significant expression difference between the RM and the BY allele in coculture or hybrid. It is the same as the "conserved" category in McManus et al. (2010) . 2) Cis only: A significant cis-component but no significant trans difference. 3) Trans only: A significant trans-component but no significant cis difference. 4) Cis + Trans: The cis and trans components are both significant and work in the same direction (supplementary fig. S1 , Supplementary Material online). 5) Cis À Trans: The cis and trans components are both significant but have opposite effects. It can be divided into three subcategories according to the relative magnitudes of the cis and trans components (supplementary fig. S2 , Supplementary Material online): a) "Cis À Trans (t > c)" (i.e., "cis À trans" with a greater absolute trans effect): The log 2 expression ratios in coculture and in the hybrid have different signs (the allele which is more highly expressed in the hybrid has lower expression levels in the parental comparison); it is equivalent to the "cis Â trans" category in McManus et al. (2010) . b) "Cis À Trans (c = t)": The cis and the trans component work in opposite directions and have approximately the same absolute value; no significant expression difference between the two alleles in the parental strains; it is equivalent to the "compensatory" category in McManus et al. (2010) . c) "Cis À Trans (c > t)" (i.e., "cis À trans" with a greater absolute cis effect): The cis and trans components have opposite signs, but the log 2 expression ratios in hybrid and in coculture have the same sign (i.e., the same allele is favored in coculture and hybrid, but the absolute expression ratio in hybrid is greater than that in coculture); it was assigned to the "cis + trans" category by McManus et al. (2010) .
Among the 4,237 genes under study, 2,077 (49%) showed no significant expression difference between the RM and BY alleles in hybrid or in coculture and were classified as nondifferential. Among the 2,160 (51%) "differentially expressed" genes, 583 genes (13.8%) were classified as "cis only," whereas 893 (21.1%) as "trans only" ( fig. 1 and table 1). The group "cis + trans" comprises only 172 genes (4.1%). The total number of genes falling into the "cis -trans" category is 512 (12.1%). Among these, 234 genes (5.5%) have cis and trans effects of approximately equal magnitude and were classified as "cis À trans (c = t)". Only 71 genes (1.7%) in the "cis À trans" category have a larger cis component and were classified as "cis À trans (c > t)." In contrast, 207 genes (4.9%) fall into the "cis À trans (t > c)" category, having a stronger trans effect than a cis effect. These observations show the overall prevalence of trans regulatory changes in our withinspecies comparison.
Inheritance Mode of Gene Expression Level Versus ASE Differences in Cis and Trans
To study the mode of inheritance, the expression levels of the hybrid and the parental strains were compared for each gene in three comparisons: 1) the expression of the gene in the parental BY strain ("BY") versus in the parental RM strain ("RM") in coculture; 2) the expression of the gene in BY versus the total expression level in the hybrid; and 3) the expression of the gene in RM versus the total expression level in the hybrid. A gene was classified as conserved if the expression difference in each of the three comparisons was not statistically significant or was less than 25%. This category comprised 43.7% of the genes (1,852/4,237). The other 2,385 genes (56.3%) were nonconserved and assigned to one of the categories: "additive," "BY dominant," "RM dominant," "overdominant," and "underdominant" (fig. 2) . The "additive" category comprised 434 genes (10.2%). Interestingly, 1,048 genes (24.7%) were classified as "RM dominant," but only approximately half as many (445 genes, 10.5%) were classified as "BY dominant." In total, 458 genes (10.8%) were misexpressed (overdominant or underdominant) in the hybrid; the underdominant expression pattern was found in 294 genes (6.9%) and the overdominant pattern in 164 genes (3.9%).
To investigate how the molecular mechanism of gene expression differences influences the inheritance mode of the expression level, we examined whether an inheritance mode is enriched for genes belonging to a specific expression divergence pattern (table 1) . Consistent with previous studies (Lemos et al. 2008; McManus et al. 2010 ), we found a weak but significant relationship between cis regulation and additive inheritance. The median percent cis for genes with additive inheritance (39.84%) was significantly higher than for those with the other inheritance modes (37.46%) (Wilcoxon rank sum test: P value = 0.0014).
Additionally, in agreement with previous findings (Lemos et al. 2008) , genes with dominant inheritance (either RM or BY dominant) showed a strong enrichment for trans regulatory variation. The median percent trans was significantly higher for genes with dominant inheritance (68.83%) than for the other genes (59.34%) (Wilcoxon rank sum test: P value < 1.4 Â 10
À14
). Furthermore, we investigated whether genes in the "cis À trans" category disproportionately contributed to misexpression in our within-species cross, as previously described for between-species hybrids (Landry et al. 2005; McManus et al. 2010 ). Indeed, we found an enrichment for misexpressed genes in the "cis À trans" category (Fisher's exact test, P value < 5 Â 10 À9 , table 2). This relationship remains significant even when both "conserved" and "nondifferential" genes are removed from the analysis (table 2) .
Different Constraints on Cis and Trans Regulatory Components
We divided genes into different classes expected to be under relatively weak or strong selective constraint, using three criteria: 1) the ratio of the rate of nonsynonymous substitution to the rate of synonymous substitution (!): genes with an ! higher than the median value (~0.09) were classified as less conserved and those with a lower ! as more conserved; 2) connectivity in protein-protein interaction (PPI) networks (Stark et al. 2006; Collins et al. 2007) : genes with more than 
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as a measure to detect shifts toward polymorphism or divergence, where p represents the absolute value of either the cis or the trans component in gene expression differences between different strains of the same species, whereas d represents the respective value for the interspecies comparison (figs. 3 and 4) (the divergence data were obtained from Tirosh et al. 2009 P value = 0.022). This tendency for misexpressed genes to be less essential appears to be largely due to an enrichment of nonessential genes among those with underdominant inheritance. Underdominant genes are significantly less likely to be essential, in comparison with all other inheritance categories (table 3; Fisher's exact test: P value < 9.763 Â 10
À9
) and also in comparison with overdominant genes only (table 3; Fisher's exact test: P value = 1.14 Â 10
À13
).
As genes in the "cis À trans" category are more likely to be misexpressed (table 2) , we test whether this category exhibits a similar enrichment for nonessential genes. Indeed, nonessential genes are more likely to fall into the "cis À trans" category when compared with all other categories taken together. This is true not only for our within-species comparison (table 4, Fisher's exact test: P value = 0.078) but also for the between-species data of Tirosh et al. (table 4 , P value = 0.0003). In contrast, compared with "cis + trans" genes only, this enrichment for nonessential genes is not Indicates that both the "conserved" and "nondifferential" genes are removed from the analysis, Fisher's exact test: P-value < 2.2 Â 10
À16
.
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Discussion
Cis and trans regulatory factors differ in the way in which they influence gene expression levels and their inheritance patterns. Thus, they may be subjected to different selection pressures, and this should be reflected in the way gene regulatory networks evolve. It remains difficult to tease apart these different gene regulatory mechanisms and their evolutionary pathways. However, an elegant approach is the use of hybrid experiments and the comparison of cis and trans effects in crosses between and within species (Wittkopp et al. 2004) , although some of the underlying assumptions might lead to an overestimation of the relative contribution of cis changes to gene expression differences (Takahasi et al. 2011 ).
Our new data set provides more power to detect gene expression differences than our previous data . Indeed, only 48.7% (1,011/2,078) of the genes with a significant expression difference in coculture in the new data set were also significantly different in the old data set, but 78.2% (1,011/1,293) of the genes with a significant expression difference in the old data set are also significantly different in the new data set (supplementary table S8, Supplementary Material online). For ASE differences in the hybrid, the respective numbers are 27.6% (305/1,106) and 62.8% (305/486) (supplementary table S8, Supplementary Material online). The relatively small number of genes which were differentially expressed in the old data set but not in the new one (282 in coculture and 181 in the hybrid) could be due to variation between biological or technical replicates and stochastic fluctuations (Busby et al. 2011) .
Our new analysis examines the different effects of functional constraints on the cis and trans components of gene expression differences. In general, highly deleterious mutations would be quickly removed from the population and are unlikely to be observed either as differences between strains or between species, whereas slightly deleterious mutations may be found in polymorphisms. The chance for slightly deleterious mutations to be observed as trans polymorphisms could be high, because of frequent trans changes (Wittkopp 2005; Landry et al. 2007 ) and the insufficient evolutionary time for selection to remove the mutations from the population. However, they are unlikely to contribute significantly 
In cis, the distribution of the ratio p/(p + d) is not significantly different between constrained and less constrained categories (a-c: the ratio of the rate of nonsynonymous substitution to the rate of synonymous substitution [!]; d-f: essentiality; g-i: connectivity in PPI networks). Notations: p, cis polymorphism; d, cis divergence. Essential genes are significantly less likely to be underdominant than overdominant, Fisher's exact test: P value = 1.14 Â 10
À13
. NOTE.-Cis-trans genes are enriched for nonessential genes compared with genes in all other categories (within species: Fisher's exact test: P value = 0.078; between species: Fisher's exact test: P value = 0.0003). But there is no significant difference between the "cis À trans" and "cis + trans" (numbers in brackets) categories in the proportion of essential genes (within species: Fisher's exact test: P value = 0.49; between species: Fisher's exact test: P value = 0.51).
to fixed expression differences between species. Thus, a trend toward polymorphism in less constrained categories (representing slightly deleterious mutations) can be expected in trans, if different selective constraints are important in the evolution of trans regulation. Conversely, if gene expression evolution in trans is primarily neutral and mutation-driven, no such trend is expected. Our data show a clear shift toward polymorphism for less constrained categories compared to highly constrained categories in trans ( fig. 3 ) and a significant difference between essential and nonessential genes in the probability of having a significant trans component (supplementary table S6 , Supplementary Material online). The positive association of divergence with polymorphism in trans may imply that some of the trans mutations that contribute to within-species differences are neutral or nearly neutral.
In cis, the earlier-mentioned trends are largely absent. The association between polymorphism and divergence is much weaker in cis than in trans (supplementary table S9, Supplementary Material online). As in previous studies (Wittkopp et al. 2008a; ), we found a stronger impact of cis regulatory divergence on gene expression differences between species than on those within species in comparison with the trans effect. Indeed, for the cis effect, 56% (530) of the 940 genes showing significant polymorphism show significant divergence and 52% (1,174) of the 2,263 genes showing nonsignificant polymorphism show significant divergence, whereas for the trans effect, the corresponding proportions are only 29% and 21%. These observations suggest positive selection has contributed to cis expression divergence.
Thus, our data are compatible with the view that trans regulatory factors are subjected to stronger selective constraint than cis regulatory factors. As the mutational target size in trans is larger than that in cis, trans differences contribute relatively more to gene expression differences within species. However, as trans changes are subjected to stronger selective constraint, they contribute less to between species divergence than cis changes (supplementary table S9, Supplementary Material online).
The fact that changes in cis and trans regulators impact gene expression in different ways is reflected in different inheritance patterns. In accordance to previous studies, genes with cis regulatory variants tend to show an additive inheritance pattern, while those with trans regulatory differences are enriched for dominant inheritance of expression level (Lemos et al. 2008; McManus et al. 2010 ). The lower number of "BY dominant" genes might be due to fixation of rare recessive alleles in the BY laboratory strain. Genes with antagonistic cis-trans interactions are more likely to be misexpressed in hybrids, in agreement with previous findings (Lemos et al. 2008; McManus et al. 2010 ). The percentage of misexpressed genes (10.8%) in our study is higher than that found in an interspecies-hybrid between S. cerevisiae and S. paradoxus (2-8%) (Tirosh et al. 2009) . These values are difficult to compare because of the differing sensitivity of the different experimental tools used: detecting subtle differences in gene expression is easier with next generation sequencing (our within-species data) than with microarrays (Tirosh et al.'s between-species data) . Otherwise, this finding might be surprising, as misexpression is expected to contribute to hybrid incompatibilities and speciation. Essential genes have a significantly lower probability to be segregating for mutations exhibiting underdominant inheritance (table 3) . If we assume that the allelic differences between the two strains in the majority of their polymorphisms are present in "natural" S. cerevisiae populations, especially in humanassociated environments (e.g., vineyards, as for RM), and could thus be found in heterozygotes (Magwene et al. 2011) , this result may be expected, as genes which are required for reproduction and survival of the organism tend to be under stabilizing selection. If mutations in two or more regulatory loci occur which in combination lead to significantly lower expression levels of these essential genes, they will be removed from the population quickly.
Our data showed that cis-trans genes are enriched for misexpressed genes. Although more of these misexpressed genes are overdominant (60) than underdominant (37; table 1), we might also expect essential genes to be underrepresented in the "cis À trans" category. This is true not only for our within-species comparison but also for the betweenspecies data. A possible explanation is that most of the regulatory differences in the "cis À trans" category are due to the two mutations having occurred in the same lineage, with the first mutation being slightly deleterious and the second (partially) compensating. For the first mutation to become fixed in the population, it cannot have a strongly deleterious effect. Alternatively, this observation might just reflect that essential genes are less likely to accumulate several regulatory mutations over time, which is a necessary condition for a gene to be classified as either "cis À trans" or "cis + trans." The fact that the "cis + trans" category is not significantly different from the "cis À trans" category (table 4) and is equally enriched for nonessential genes in the interspecific comparison supports this simpler hypothesis.
Materials and Methods
Yeast Strains and Culturing
Two yeast strains were used: one, designated as "BY," is a haploid laboratory strain, officially named BY4741 (MATa his3Á1 leu2Á0 met15Á0 ura3Á0) and is a descendant of S288C (Brachmann et al. 1998) , and the other, designated as "RM", is formally named either RM11-1a (MATa lys2Á0 ura3Á0 ho::KAN) or RM11-1 (MAT lys2Á0 ura3Á0 ho::KAN), both of which are haploid and derived from Bb32(3), a natural isolate described previously (Mortimer et al. 1994; Brem et al. 2002) . The hybrid of BY (MATa) and RM (MAT) constructed in our laboratory is named WL201.
Two culture types were prepared: coculture and hybrid. The coculture is a mixture of approximately equal numbers of BY (MATa) cells and RM (MATa) cells, whereas the hybrid strain was derived from a cross between BY (MATa) and RM (MAT). All strains were grown on the standard YPAD medium at 30 C with 250 rpm shaking as described previously ).
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Transcriptome Sequencing
To sequence the transcriptomes of hybrid and cocultured yeast strains, RNA was extracted using the Hot Acidic Phenol method (Kohrer and Domdey 1991) and subjected to mRNA-seq library preparation using the Illumina TruSeq mRNA-seq Sample Prep kit with some modifications. Briefly, 5 mg of total RNA from each sample was used to purify for polyA-RNA, and the mRNA was fragmented by heat at 94 C for 8 min. Double-stranded cDNA was synthesized by random priming, end repaired, and ligated to the Y-shaped TruSeq adaptors. Samples were cleaned by AMPure beads (Agencourt) and split into two halves, which were independently assembled into two polymerase chain reaction (PCR) reactions, one using the PCR reagents provided in the Illumina kit, and the other using the KAPA PCR reagent (KAPA HiFi HotStart ReadyMix). All reactions went through 12 cycles of PCR amplifications and were cleaned by AMPure beads to remove primer dimers. The purified products were quantified by Qubit (Invitrogen) and BioAnalyzer 2100 High Sensitivity DNA Assay (Agilent). The library profiles showed a wide spectrum of fragment sizes ranging from 220 to 500 bp with a peak at approximately 285 bp. Each of the four libraries (two libraries amplified from the coculture and the hybrid experiments) were put in one lane of PE sequencing on Illumina GA IIx (IGA-IIx) in the High Throughput Sequencing Core Facility of Academia Sinica, Taiwan. The sequencing data were processed by CASAVA 1.8.2 to generate pass-filtered reads for downstream analyses.
Whole-Genome Sequencing
To quantify the relative cell numbers of the two yeast strains in coculture, genomic DNA (gDNA) from the cocultured yeast sample was sequenced . The gDNA was extracted using the Qiagen Q100 Genomic Purification Kit (Qiagen), and 1 mg of the gDNA was sonicated to fragments of approximately 300-400 bp. Using the Illumina Paired-End (PE) DNA Sample Prep Kit, the fragments were end-repaired, A-tailed, and ligated to the PE adaptors. To control the precise fragment size for downstream mapping, the ligation product was fractionated on agarose gel, and fragments ranging from 400 to 500 bp in length were gel purified and amplified using the KAPA PCR kit (same as mentioned earlier). The library was cleaned using Ampure beads and assayed on Qubit and BioAnalyzer 2100. The library showed a narrow distribution with a peak approximately 437 bp and was sequenced in the same manner as the mRNA-seq libraries.
Mapping Reads to the Reference Genomes
To map sequencing reads to the reference genomes and obtain genome-specific reads, the software tool ASAP ("Allele-Specific Alignment Pipeline") was downloaded from the Bioinformatics Group at the Babraham Institute (http:// www.bioinformatics.bbsrc.ac.uk/projects/, last accessed September 2012). To determine whether a given sequence matches one of the two reference genomes specifically, it performs alignments against both sequences in parallel using the Bowtie program (Langmead et al. 2009 ). In our analysis, the seed length was set to 40 and the maximum number of mismatches permitted in the seed was set to 2.
The BY reference genome was downloaded from the SGD project, "Saccharomyces Genome Database" (http:// downloads.yeastgenome.org/sequence/S288C_reference/gen ome_releases/, last accessed April 2008). The RM reference genome was downloaded from the Saccharomyces cerevisiae RM11-1a Sequencing Project, Broad Institute (http://www. broadinstitute.org/annotation/genome/saccharomyces_cere visiae, last accessed April 2008). In addition, 893 error sites against our strains, 309 from the BY strain and 584 from the RM strain, detected previously were corrected in our updated reference genomes.
From the two channels of cDNA IGA-IIx sequencing for each of the two samples, we obtained in total 60,909,895 and 52,151,477 raw reads from the hybrid sample and the coculture sample, respectively. Genes that are known to be mating-type specific or have been found to be differentially expressed between mating-types or between haploids and diploids were excluded from all further analyses (Galitski et al. 1999; Tirosh et al. 2009 ).
Assigning Gene Expression Differences to Cis-or Trans-Regulatory Changes
The ASE ratios and their cis/trans contributions were estimated as previously described . To account for the difference between cell numbers of BY and RM in coculture, we estimated a normalization parameter based on the gDNA ratio of the two strains in the coculture experiment.
We calculated the cis-regulatory component (e cis ) of gene expression differences as the ratio of the reads mapped to the RM genome and those mapped to the BY genome in the hybrid sample: e cis = e Hy = " RM,Hy /" BY,Hy , where " RM,Hy is the expression level of the RM allele in the hybrid, " BY,Hy is the expression level of the BY allele in the hybrid, and e Hy is the ASE ratio in the hybrid. The expression difference between the two parental strains can be attributed to both cis and trans effects (supplementary fig. S1 , Supplementary Material online). We assume that cis and trans effects are multiplicative (additive, if the logarithm of the ASE ratios is considered). Thus, e Co = e trans e cis and log 2 (e Co ) = log 2 (e trans ) + log 2 (e cis ), or e trans = e Co /e cis = (" RM,Co /" BY,Co )/(" RM,Hy /" BY,Hy ), where " RM,Co = expression level of the RM allele in the coculture, " BY,Co = expression level of the BY allele in the coculture, and e Co = ASE ratio in the coculture. We obtain the P value of a hypothesis test using the likelihood ratio test with one degree of freedom under the null hypotheses of e cis = 1 and e trans = 1. The FDR cutoff for each test was set to 2.5% to give a combined FDR of approximately 5% (Benjamini and Hochberg 1995) . Under the above formulation, genes are sorted into five categories, using R (v 2.14.1, CRAN) with the methodology described by McManus et al. (2010) .
